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SUMMARY

A survey is given of the high-energy particle popula-
tions in the inner radiation belt. The experiments which
have given information about particles are discussed and
the best experimental information about particle fluxes and
spectra is presented. Calculations are given which indicate
what particle sources and loss processes are most im-
portant. The role of neutrons in making the inner belt is
considered in detail and the need for particle acceleration
and/or other sources of particles is shown.
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ENERGETIC PARTICLES IN THE
INNER VAN ALLEN BELT

by
Wilmot N. Hess
Goddard Space Flight Center

INTRODUCTION

The satellite Explorer I (1958 o) launched with a Geiger-Miiller counter on board discovered a
region of high count rate starting at an altitude of about 1000 km. This was unexpected—in fact, it
was suggested that the counter might have malfunctioned. But results from Explorer III (1958 ¥)
demonstrated that the effect was real. Van Allen, who had conducted both experiments (Reference 1),
realized very soon that the measured high count rates were due to charged particles trapped in the
earth's magnetic field (Reference 2). Stérmer had worked extensively on this general subject (Ref-
erence 3) and even calculated orbits of trapped particles (Reference 4) years earlier, but the actual
existence of trapped particles had not been suggested in this work. Ideas about the existence of a ter-
restrial ring current had also essentially included the idea of trapped particles (Reference 5).

At the same time that these experiments in space were going on, experiments with trapped par-
ticles were going on in various laboratories. Project Sherwood is an attempt by the Atomic Energy
Commission to make a controlled thermonuclear reaction on a small scale (Reference 6) by confin-
ing charged particles in a magnetic field. Christofilos, who was working on Project Sherwood,
extrapolated the laboratory idea to earth scale and suggested the possibility of trapping a large num-
ber of charged particles in the earth's magnetic field by using a nuclear explosion to inject the par-
ticles. This idea was carried out in the Argus Experiment (Reference 7) and demonstrated
experimentally that charged particles could really be trapped in the earth's field. It had even been
suggested in planning the Argus Experiment that a natural radiation belt, populated by the decay of
neutrons escaping from the earth's atmosphere might exist; but this idea did not get wide distribution.

Results obtained from Sputnik III (1958 52) in May 1958 confirmed the existence of the trapped
radiation with measurements up to 1800 km (References 8 and 9).

Explorer IV (1958 ¢) was launched in July 1958 with instrumentation to study the natural radiation
belt (Reference 10) and to study the artificial belt produced by Argus (Reference 11). A map of the
radiation intensities up to an altitude of 2200 km and a range spectrum of the charged particles were
obtained by Explorer IV.



Pioneer III (1958 1) in December 1958 (Reference 12) and Pioneer IV (1959 ») in March 1959
(Reference 13) made isolated passes more or less radially outwards through the inner belt. More
recently, Injun (1961 02) and Explorer VII (1959 (1) and several Discoverer satellites have given in-
formation about the inner belt. These, with various rocket shots, complete the list of experiments
performed.

In this report, an attempt is made to survey the experiments that have given information about
the inner belt and also the calculations that have been made dealing with energetic particles in this
area. One subject that will receive special attention is neutrons in space and neutron decay, because
it is well established that neutrons play a major role in the production of protons and also probably of
electrons in the inner belt.

MOTION OF PARTICLES IN A DIPOLE FIELD

The general problem of charged particle motion in a dipole field is complicated (Reference 3).
Fortunately, for radiation belt particles, an approximation can be used which simplifies the situation
considerably. Alfvén (Reference 14) introduced the idea of the guiding center of a particle. The par-
ticle motion in this case is described in terms of: (1) a rapid gyration about a guiding center with a
cyclotron period 7, and radius of gyration R_, and (2) motion of this guiding center along a magnetic
line of force. The motion along the line is periodic too. The particle is reflected by the converging
magnetic field near the earth and bounces back and forth in the exosphere with a bounce period Tge
There is another motion (Reference 15), a slow drift in longitude around the earth with a period of
revolution of ~,. Particles at 2000 km altitude near the equator will have the characteristics listed in
Table 1. Because the three periods are so different, the particle motion is separable into these three
components. If the cyclotron radius of the particle R, becomes comparable to the diameter of the
earth, the motion is not separable; however, even for 1 Bev protons this condition does not occur.

Table 1
Characteristics of Particles at 2000 km Altitude Near the Equator.

Particle R_(cm) 7, (sec) 7 (sec) 7 g (min)

50 kev Electron 5x103 25x 1078 0.25 690

1 Mev Electron 3.2x104 7x107¢ 0.10 53

1 Mev Proton 1 x 106 4x1073 2.2 32

10 Mev Proton 3 x 106 42 x 1073 0.65 3.2

500 Mev Proton 2.5 x 107 6x 1073 0.1 0.084

We can understand the particle's bouncing motion in the following way (Reference 16). A static
magnetic field does no work on a particle; therefore, the flux linking the orbit of a particle rotating
about a field line is constant. If dd.dt = 0, the particle's energy would change. Thus,

¢ = B'chz = constant, (1)



and we can write for the particle's perpendicular energy

e - mv?  m?RI O gp2 _eg)z _ e?’B'R?
y - 2 T 2 - T2 (mc T ame? ) (2)
Substituting this into Equation 1, we get
1.>r1mc2E‘L
o = tant = ——
constan 1g (3)
therefore,
E,
B~ constant = g . (4)

The constant » is the magnetic moment of the particle's motion around the field line.

From Equation 4 we see that

sin?a
= constant. (5)

The particle will move into a region of increasing B until sina = 1 when it must turn around. It then
moves out of the high field region and repeats the process at the other end of the field line for the
same value of B. The angle o is the particle's pitch angle,

The drift in longitude of a charged particle results from a force on the particle perpendicular to
the field lines and lying in the plane through the center of the earth containing the earth's axis. The
magnitude and direction of this drift velocity can be obtained from the cyclotron equation

mc

R = B2 (va) = —S‘(pr) . (6)

e eB?

If a force f, acts perpendicular to B for a time At, there is a change of momentum of

Ap = fl At H (7)

this results in a displacement of the guiding center of the particle of

_ _c
AR = -B? (Apr).

(8)



Differentiating Equation 8 with respect to time gives

_dR ¢
vp 5 df T <B? (fle>. (9)
This drift velocity is perpendicular to both f, and B; therefore, if f, lies in the plane through the cen-
ter of the earth containing the earth's axis, the drift velocity will be azimuthal—a drift in longitude,

One force that produces a drift is due to the gradient of the earth's magnetic field:

3uB
B3 (10)

A second force that produces a drift is the centrifugal force on a particledue to the curvature of field
lines:

£, = ®,_ - (11)

Combining these gives a drift velocity

1 1
Yp» T @ R (sz +—2_VJ.2)’ (12)

where «_ and R, are the cyclotron frequency and radius, respectively.

There is also a possibility of radial drift of particles due to line exchange (Reference 17) or other
effects (Reference 18), but thesedrifts do not seem to be important for high-energy trapped particles
as was demonstrated by the spatial stability of the Argus electrons,

ADIABATIC INVARIANTS

Associated with the motion of particles in a dipole field are three constants., They are actually
only adiabatic constants—in other words they are constant unless magnetic fields change rapidly. We
have shown the magnetic moment n to be a constant of the motion, but it is not constant if fields change
in times short compared to 7, or in distances short compared toR_.

The second adiabatic (Reference 19)invariant I is called the integral invariant,

1 (™
1 = 7J vydl 13)

1



where the integral is taken along a field line between the two mirror points. This quantity is related
to the Hamilton action integral and is violated if changes occur in times short compared to 7.

The third invariant is the flux invariant (Reference 20). When this invariant holds, the magnetic
flux linked by the particle's orbit is constant. This is violated if field changes occur in times short

compared to 7.

We can understand the motion of a particle in the earth's field rather well by considering only the
constancy of x and 1. From p we know that the particle mirrors at a particular value of B, From Iwe
can determine which field line the particle will travel as it drifts around the earth. The combination
of these two defines a surface around the earth, resembling the surface of a pitted olive, on which the
particle will travel.

SOURCES OF THE BELT PARTICLES
Cosmic Rays

A flux of about 2 particles/cm?-sec of galactic cosmic rays reaches the earth regularly. One
possibility about the radiation belts is that they represent quasi-trapped particles (Reference 21), that
is, they consist of particles on certain special Stormer orbits that can stay near the earth for a long
time and then finally move out of the earth's field and escape. Estimates of the intensity of the radia-
tion belt that would be produced this way show this to be a small effect. A flux increase by a factor
of 10* or more over the galactic cosmic rays would be needed to produce the radiation belt fluxes.
The increase obtained by this quasi-trapping is nowhere near 104,

Another possibility is that cosmic rays might produce trapped particles by interacting with the
very thin atmosphere at very high altitude. We can estimate the importance of this source. If we
take an atmospheric density of 10° atoms/cm? of oxygen and a cross section for producing high-energy
charged particles of 0.2 X 107 cm?, we get a source strength § of

w
|

<2 protons) (105 atoms) <0.2 x 10_2‘cm2>

cm?-sec cm3 atom

4 x 107% protons
cm3 -sec

This also is negligible when compared to other source strengths.

Still another possible source of the belt particles is splash albedo protons produced by inter-
actions of the high-energy cosmic rays with the atmosphere. We know that the particles must return
to roughly their birth altitude or even lower in order to mirror at the other end of their line of force.
They must therefore encounter a rather thick atmosphere and be rapidly lost, so this source con-
tributes little, if anything.

Mu Mesons

High-energy collisions involving cosmic rays produce 7 mesons. These decay in about 10 "% sec
to u mesons which in turn decay in 2 X 10~ sec to electrons having energies up to 50 Mev. If the decay



occurs at a high enough altitude, the electron can be trapped. A « meson, to travel 1000 km, must live
0.003 sec. Even if it lives 5 half-lives or 10”5 sec, it must have a relativistic time dilation factor of
v = .003/10"° = 300 in order to travel this distance. Thus it must have an energy on the order of
300 x 106 Mev = 30 Bev. There are very few 30 Bev « mesons made traveling upwards out of the
atmosphere, and this source can also be neglected.

Solar Wind

There are about 10 protons/em? in the kev energy range striking the magnetosphere (Reference
22); this is a large flux of particles. If they could be brought into the magnetic field of the earth, they
could be an important source., There are several possibilities here. Particles may be injected at the
field nulls near the poles (Reference 23), Field convection processes may bring them into the field
(Reference 24); Taylor instabilities may also help them get in. All of these are possible but none of
them are understood well enough to be evaluated. It would appear that some processes of this sort
may produce low energy particles in the outer belt, but it seems difficult to see how particles can be
brought in through the outer belt to the inner belt efficiently. For want of any specific information
about these processes we will not consider them further.

Neutrons

Neutrons are made by cosmic ray protons colliding with oxygen and nitrogen nuclei in the atmos-
phere. Several neutrons are made in the nuclear cascade in the atmosphere. A 5 Bev cosmic ray
proton will produce about 7 neutrons in the atmosphere. About 25 percent of all neutrons produced
this way diffuse out into space; this leakage flux of neutrons out of the atmosphere is about 0.5
neutrons/cm?-sec at the equator and about 5 neutrons/cm?-sec at the pole. The neutron flux in space
close to the earth at low latitudes has been measured (Reference 25) to be about 1.0 neutrons/cm?-sec;
this is in reasonable agreement with the calculated fluxes. Few neutrons reach the earth from the sun
or more distant space because the free neutron is radioactive with a mean life of only 1000 sec, It
decays by the reaction

n - p+tet+7p,

The antineutrino v does not interest us here, but the proton and electron are both important in forming
the radiation belt.

We need to know how many neutrons of what energies decay at different places in space to pro-
duce protons and electrons, First, we must know the neutron energy spectrum ¢ _(E,R,A) in space at
all radii R and latitudes . This has been calculated (Reference 26) from a knowledge of the neutron
energy spectrum inside the atmosphere (Reference 27) and is shown in Figure 1. The flux decreases
as a function of height above the earth. This is especially true for low-energy neutrons. Neutrons of
less than 2/3 ev aretrapped by the earth's gravitational field so that they essentially all decay in space

6
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Figure 1—Albedo neutron energy spectra in space at different distances above the geomagnetic equator on December 5,
1959. The zero R_ curve is for the top of the atmosphere, roughly 100 km. Reproduced with permission from References
26 and 27.

near the earth, while only about 1 percent of 4
neutrons of 1 Mev energy decay near the earth.
The density of neutrons decaying is given by

w
T

dn 1
_dv(E,R,k) = W @ (E,R,A) , (14)

RELATIVE INTENSITY
)
T

—
T

where v is the neutron velocity and 7, the neu-
tron mean life.

0 1 1 i | 1 i 1
The electrons made by the neutrondecay 0 200 400 600 800

will have the s decay spectrum shown in Fig- ELECTRON ENERGY (kev)
ure 2. The electron's energy will be essen-

) o Figure 2—The electron-energy spectrum from neutron g
tially unchanged by the neutron's kinetic energy. decay. To obtain electron flux multiply the intensity

To demonstrate this, consider a 10 Mev by the electron velocity.



neutron, which has a velocity of about 4 x 10° cm/sec. When an electron of about 30 kev energy is
produced by the neutron decay it has a velocity of about 2 x 10'°® cm/sec. When the neutron's velocity
is compounded with this velocity relativistically it changes by, at most, 10 percent. Almost all neu-
trons have energies less than 10 Mev, so the effect of the neutron's motion in changing the electron's
energy can be neglected. Therefore, to determine the total electron source strength S_ for the radia-
tion belt due to neutron decay, we simply add up all neutron decay events:

d 1
S, (RA) = | 7 (ERA) dE :JWT ®(E,R,\) dE . (15)

This electron source strength S_is shown in Figure 3. We see there are from 10713 to 10°!2
electrons/cm?®-sec made by this source in space near the earth.

The situation is differentwhen we consider the protons made by neutron decay. The kinetic energy
of the proton is very nearly the kinetic energy of its parent neutron. The electron kinetic energy is
supplied by the mass difference of the neutron
and proton. The recoil energy given the pro-
ton by the electron is only about 100 ev; so, if
1 we consider protons above about 10 kev, we can
accurately take the proton's energy and direc-
POLE tion of motion to be that of the parent neutron.
Because of this the decay density energy spec-
trum shown in Figure 4 is also the proton
source energy spectrum S  (E,R,A) {rom about

10 kev up,
_ dn
ALTITUDE S, (E,R,A) = gy (E,R,A) . (16)
2-{3-4}-5—6—7
(earth radii)
30‘:700 There are about 6 X 107 !5 protons/cm® -sec of
e E > 10 Mev produced in space near the earth.
D The proton source near the earth at the equator
has been evaluated from Figure 1 to be
‘0
decays S, (E,R,0) = 9.8ETRT
3X 1014 (m) P T TVT, (17)

. Wehave a quantitative picture of the neutron-
Figure 3—Values of the neutron decay density dn/dV

summed over neutron energy at different attitudes and decay proton and electron sources. These are

magnetic latitudes. Reproduced with permission from an important source of the radiation belts.
Reference 26.



LOSS PROCESSES 106

Protons
10
There are at least three ways in whichpro-
tons are lost from the radiation belt. In the
inner belt, high-energy protons are removed
most rapidly by slowing down until they reach — ~= 1010
about 100 kev. The amounts of oxygen R that mg
must be traversed to stop protons of various § §
energies are listed in Table 2. °© E 1012
e
©
Table 2 = E
wlo
Ranges of Protons in Oxygen. 1014
Energy (Mev) Range (gm/cm?)
0.1 6x1073
1016
1 0.003
10 0.14
100 8.6 1018 1 | | 1 1 | |
103 102 10! 1 10 102 10® 10* 10°

NEUTRON ENERGY (kev)
Below 100 kev, the protons are more rapidly
Figure 4—The neutron decay energy spectrum dn/dV(E)

lost by charge exchange (Reference 28) with 2t 1500 km on the equator.

slow protons by the reaction
p +H - ptH,

where the bar refers to the fast particle. At 50 kev, the cross section for charge exchange (Refer-
ence 29)is o_, = 2 X 10 ' cm?, and the charge exchange lifetime 7_, is given by

1 1
T = = = 1600 sec ,
cH UcH n(H) v (2 x 10-1 6 Cm2> (104 atoms> (3 « 108 ﬂ)

Cm:‘l sec

(18)

where n(H) is the atomic density of hydrogen, taken here to be 10* atoms,/cm®. This time is less than
the slowing down time above approximately 1000 km altitude, so the charge exchange process will
dominate here.

In the outer belt, protons are lost rapidly by some additional process. Probably this involves the
breakdown of the magnetic moment invariant. Various possibilities along this line are considered
later.



Electrons

Different processes are responsible for the loss of electrons than for protons, Because electrons
are lighter, they scatter more easily and are lost in the inner belt principally by coulomb scattering
into the loss cone rather than by slowing down. This can be seen by comparing R, the range of the par-
ticle, and D, the amount of material necessary to scatter out. The range of a 1 Mev electron, from
Feather's rule, is

R = 0.54E - 0.13 = 0.41 — - (19)

The value of D can be obtained by using the scattering formula (Reference 30)

_ 7000D
o = TEr (20)

where 62 is the mean angle of scattering, D is the path length of air (at 8.T.P.) traversed in cm, and E
is the particle energy in kev. Taking ¢ = 0.5 rad as the necessary scattering angle to lose the par-
ticle, we find

This shows the electron will be scattered out of the inner belt before it slows down.

HIGH-ENERGY PROTONS

Experiments on the Energy Spectrum

The first experiment performed in the radiation belt that unambiguously identified the particles
which were counted involved flying a stack of nuclear emulsions on the Atlas rocket (Reference 31).
The emulsion stack was recovered and developed and the nuclear tracks were read. The range and
ionization of the particles were measured, the particles identified and their energies determined.

Protons of E > 75 Mev and electrons of E > 12 Mev could get through the 6 gm/cm? shielding into
the nuclear emulsions. No electrons were found, but a large number of protons were found. The
energy spectrum of protons measured by Freden and White on a later flight (Reference 32) is shown
in Figure 5. Other experiments (References 33, 34, 35, and 36) have shown very similar energy
spectra and intensities of protons and have extended the data down to lower energies., Below about 40
Mev the energy spectrum becomes quite flat and shows a slight dip at about 20 Mev. The inner-belt
proton flux seems quite constant in time, varying by less than a factor of 2 for several flights. This
indicates that the particle lifetime is quite long.

10



Calculation of the Energy Spectrum 2 - T T T —TT

oo : 10+ -

We can get a quantitative picture of the sl B TRAPPED PROTONS ’

flux and energy spectrum of the inner-radiation- 6 R /I' |
belt protons produced by neutron g decay by A II

considering the conservation of particles. The
continuity equation in energy space canbe writ- ) 1}_’}%
ten (Reference 37)

1 -
dN(E) _ _ 9 o 8f }
at = SP(E] L(E) + 3F [](E)] ' (21) gﬁ oL i
o1&
219 ab -
where N(E) is the equilibrium-proton-density Qé
energy spectrum, S (E) is the source of pro-
tons, L(E) is the loss term, and J(E) is the r ]
"energy current" = N(E) dE/dt for equilibrium .
dNIE)/dt = 0. Let us now consider two special 108'__ 7]
cases of this equation for equilibrium. 6 .
4 -
Case A: L(E) = 0. A
2F .

For protons between 5 and 100 Mev the

dominant loss process is slowing downby excit- 102 \ | { L
10 2 4 6 8102 2 4 & 810°

PARTICLE KINETIC ENERGY (Mev)

ing and ionizing electrons by distant coulomb
collisions, and we can ignore other losses. This

slowing down contributes to the energy-current Figure 5—The spectrum of trapped high-energy protons

term and is not considered here to be part of at 1100 km measured by Freden and White. Reproduced
. . with permission from Reference 32, The solid dots are
L(E); Equation 21 becomes now data from a flight on October 13, 1960, and the crosses
are from a flight in April 1959 normalized to the other
9 dF at 100 Mev. The solid curve is the theoretical proton
SP(E) ) |}J(E) El_t—} . 22) ;urve. The dashed curve is a fit to the high-energy

ata.

The proton-source term is given by the neutron's decay density from equation 17:

_ _ ra

dn(E) n0.8E2° [ RV}
SP(E) = av = v T, Rc "

23)

This expression is valid at low latitudes and close to the earth. The coefficient 7 is put in here be-
cause not all of the neutrons that decay form protons that are trapped (Reference 38). Some of the
protons made by neutron decay have pitch angles that are so small that they will hit the earth before
they mirror. These protons will not form part of the trapped radiation. The coefficient 7 is called an
injection coefficient and gives the fraction of protons that are trapped. The average value of 7 for
inner-belt protons is 7 & 0.30 (Reference 39).

11



We can solve Equation 22 approximately (References 33 and 40) for the energy range 10 to 80 Mev
by writing dE/dt = v dE/dx and approximating dE/dx = 243 pE®7’°Mev/cm; v = 1.45 X 10% x E©.477
cm/sec; and y = 0.93 E%?, where p is the air density in gm/cm?®. Substituting in Equation 22 we get

6400\3
(0.30) (0.8}3'240)(%) 3 - N
= 3 |KE™™ 2 E~O- . 9F 0.4771
(0.93E-032 « 1.45 x 10°E°-477 , 1000)  9E [ 43p x 1.45 x 10°E ] (24)
Solving this gives
=16
®[E = vN(E) = kE™® = &‘;0— E7®72 for 10 Mev < E < 80 Mev. (25)

If a time-averaged density of o = 2.8 X 10 7** gm/cm® —corresponding to an atomic density of 1.0 x 10°
atoms/cm’ —is used, then (E) = 110 E"%72protons/cm?-sec-Mev, This density is quite reasonable
for this situation. The diurnal average density at 1100 km near solar maximum is about 2.5 X 105
atoms/cm?® (Reference 41)., The time-average density along a particle orbit is less than this by about
a factor 2 (Reference 42), so the density used is quite a good one. This expression for N(E) fits the
Freden and White data well.

The lifetime 7, of these protons can be obtained by using the "leaking bucket” equation (Refer-
ence 12). We have for this problem, for equilibrium,

Contents
Input = Output = — (26)
P

109 1 IIIIIII] T T P T TTTT
which gives

VTToTTY

) S

Contents N(E)

Tp ~ Input - S{E} °

. We know S(E) from Equation 23 and N(E) from
the solution of Equation 24 (shown as the solid
curve on Figure 5); we can therefore calculate
the lifetime directly. This gives 7 = 7.0 x 10°
El-3gec for 10 Mev < E <80 Mev for 1100 km
altitude. Figure 6 shows values of 7, For other
oxygen densities the lifetime 7, varies inversely

PROTON LIFETIME (sec)
%

L1l

_ as the time average density,

107 1 L to1 111l 1 L1t a1y
10 102 103 Case B: dE/dx =~ 0.

PROTON ENERGY (Mev)

Figure 6—Proton lifetimes at 1100 km in the inner belt If some other loss process occurs consider-

based on slowing down and nuclear collisions. ably faster than slowing down, then the protons

12



will have essentially constant energy; slowing down can then be neglected. This situation is approximated
for protons of E > 300 Mev., For these energies, the protons almost all have nuclear collisions before
they slow down. The cross section o for an inelastic collision of a high-energy proton with an oxygen
nuclei is 3.0 x 107%° e¢m?. This gives a mean free path for nuclear interactions of A = p/no
= 2.67 x 10" 23gm/atom /3.6 x 10725 cm? /atom = 74 gn/em?. The range of a 500 Mev proton in oxygen is 135
gm/cm?; therefore, these high-energy protons will usually have nuclear collisions before slowing

down much. In this case, Equation 21 becomes

S{(E) = L(E) (27)

For the loss term here we can write

L(E) = NE)nowv , (28)

where n is the atomic density in atoms/cm?; this gives

R 3
- 0 __C_
NIE) = m0-8E <R) ( 1 ) (29)
B YT, nov) '
When we substitute

v = 2.69 x 109E?-3%
y = 0.428 %%
n = 1.0 x 105 atoms/cm?® ,
o = 0.36 x 102 cm? |

which are valid for 80 Mev < E < 700 Mev, Equation 29 becomes

®(E) = vN(E) = 4.2 x 106E" 254 —PTOT8 . (30)

cm-sec-Mev

This is an asymptotic expression for N(E)at high energies where slowing down is not important. Above
300 Mev it holds quite well but below this slowing down also is important.

The general form of Equation 21 has been solved (Reference 33) to give the solid curve in Fig-

ure 5. The form of the solid curve above 300 Mev agrees well with Equation 30, and below 80 Mev the
curve is exactly given by Equation 25. There is no arbitrary normalization involved here; there are

13



no adjustable parameters in the theory—the comparison of experiment and calculation is direct. We
know the source strength and properties, we know the loss processes and rate, and we know the prop-
erties of the atmosphere: from these data we get directly the proton-energy spectrum. The agree-
ment with the data here is so good that the analysis is quite certainly correct, and neutron decay is
the source of these protons.

Spatial Distribution

The spatial distribution of the inner-belt protons was first measured by the GM counter in
Explorer IV (Reference 10). When these data were obtained it was not known that the counting rate
of this detector was due to protons, but it is now quite certain that this is the case. The 302 GM
counter on board counted protons of E, > 30 Mev and electrons of E_ >3 Mev. The electron flux above
this 3 Mev energy limit in the inner belt is thought to be quite small.

Contours of constant count rate measured on Explorer IV by Van Allen are shown in Figure 7.
The count rates increase with altitude, and show a fairly complicated change with latitude and longi-
tude. Figure 8 gives curves (taken from Reference 43) of the increase of count rate with altitude at
ditferent locations. The data curves O, and O, were obtained near Singapore; E,, E,,and E, near
Nigeria, Africa; A, in northern South America; and A, and A, incentral South America. All of these lo-
cations are at about the same magnetic latitude, but the curves show quite differentaltitude behaviors.
The reason for this is that the earth's surface magnetic field is different at these different locations.
When these data are replotted in terms of the magnetic field instead of altitude at each location (Fig-
ure 9) the curves then become essentially indistinguishable (Reference 43). The reason for this is

ALTITUDE
(102km)

10° g0
20°
P NORTH——— SOUTH 25°

JULY 26—AUG 26, 1958

50° CONTOQURS OF CONSTANT COUNTING RATE
DATA FROM SATELLITE 1958 €

CHANNEL 3—LONG 60°~20°W

Figure 7—A meridian section through the earth showing observed contours of the count rate of the un-
shielded GM tube on the Explorer 1V satellite for the period July 26 to August 26, 1958, within longitude
range 80° + 20°W. Reproduced with permission from Reference 10,
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for several different positions near the magnetic dip equator. The curves labeled "O" are data
near Singapore, those labeled "E" are near Nigeria, the A, curve is in Northern South America
and A, and A, are in Central South America. Reproduced with permission from Reference 43.

easily understood in terms of the motion of charged particles in a dipole magnetic field. The parti-
cles bounce back and forth, mirroring at one particular value of the magnetic field B. The particles
also drift around the earth staying on a surface of constant integral invariant I; this corresponds to
staying at a constant magnetic latitude. Therefore, for observations at one latitude the count rate
should vary with B as it does in Figure 8. The altitude of the mirror points represented by the count
rates in Figure 8 get as low as 400 km over South America. Below this altitude, galactic cosmic
rays provide most of the count rate. The lower edge of the trapped radiation belt is clearly controlled
by the atmosphere. Protons are lost by slowing down. A 50 Mev proton, to be brought to rest, must
transit about 2.5 gm/cm? of oxygen. At 400 km, the atmospheric density is about 5 x 10 atoms/em3
or about 10~'* gm/cm . At velocity of 10'° cm/sec, the proton will take about 2 x 10* sec to slow
to a stop. But, because of the variations or atmospheric density along the particle's orbit—especially
the variation due to the drift in longitude—the lifetime is increased probably to 10° sec. The source
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strength of fast protons from neutrondecay near the earthis about 107!% protons/cm3-secbut perhaps
only 30 percent of these will be going in the proper direction to be trapped. We get an equilibrium
flux here of

) -1s Protons 10 €M 6 - protons
(Dp <0'3 x 10 cm3 -sec 10 sec (10 sec) 0.3 cm?-sec

This calculation is not very exact, but the value of the flux thus found is comparable with the cosmic-
ray flux of about 2 protons/cm?-sec; therefore, it is reasonable that below this altitude of 400 km the
trapped flux gets too small to be measured and cosmic rays dominate.
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We are quite certain the lower edge of the inner belt of high-energy protons is controlled by the
earth's atmosphere, But we are not nearly so certain what controls the outer edge of the proton belt.
We would expect, from what is known of the inner belt, that it should extend out many earth radii. The
neutron decay source strength decreases about as 1/R<, but the proton lifetime for slowing down should
go up about as fast as the source strength goes down, so the equilibrium proton flux expected in the
outer belt is about the same as that observed in the inner belt. Actually, the observed trapped high-
energy proton flux in the outer belt is less than the cosmic-ray flux and consistent with zero. Fan,
Meyer and Simpson (Reference 44)gave an outer-belt proton flux of

t
o = 0+0.122%" for E_ > 75 Mev.
P cm?-sec P

This means that the lifetime of the protons in this region is reduced by a factor of 10% or more by
some additional process.

The processes which seem most probable to cause this reduction in lifetime have to do with time
variations of the magnetic field. Welch and Whitaker (Reference 45) suggested that time or space
variations in the magnetic field could produce "magnetic scattering'’ of trapped particles, If the mag-
netic perturbations are of suchcharacter that they cause a breakdown of the adiabatic invariants then the
particle's motion will be altered. Hydromagnetic (hm) waves having a wave length » < R_, where R, is
the particle cyclotron radius, will break down the magnetic moment invariant. When the particle en-
counters the wave a change in x will take place, and as the result the particle's mirror point will be
changed. Repeated encounters with waves will cause a diffusion of the particle's mirror point and
result in a loss of particles out of the loss cones into the atmosphere.

Dragt (Reference 46) has calculated the effect of hydromagnetic waves on a high-energy proton
magnetic moment. He finds that for hm wave frequencies of a few cps and for particles traveling along
field lines, a condition can exist such that the hm wave frequency is Doppler shifted to equal the par-
ticle's cyclotron frequency. For this resonant condition the particle's magnetic moment is changed
as a result of interacting with the wave.

The particle lifetime r against hm wave scattering is given by Dragt as

275 (OB, 2
T ( B) K (31)

2 p2

where 7, is the bounce period and p is the number of hm waves encountered per bounce. For 100 Mev
protons at 2R, the bounce period 7 & 0.1 sec, and B = 0.04 gauss. Assuming AB = 3 gamma and
p = 1 we get

1
T & 5 day.

This lifetime is short enough that the equilibrium flux of protons in the outer belt would not be meas-

ured because the cosmic-ray flux is larger.
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Also, the radial dependence of the scattering is reasonable. At 2R, the maximum energy trapped
is proportional to R™!!, But at smaller altitudes, the scattering is less. The count rate versus altitude
curve of the GM counter on Pioneer III is reasonably well reproduced by this analysis. The require-
ments on hm wave characteristics here are quite reasonable. A wave characteristic of AB = 3yat 3
cps is not a very large disturbance.

Wentzel (Reference 47) made a similar analysis of the breakdown of the magnetic moment of high-
energy protons by hm waves. He found that the magnetic moment was changed for encounters with hm
waves when v/v_ > 0.4, where v, = hm wavelength/larmor period. Accordingly, 56 Mev protons
should extend out to 6000 km and 28 Mev protons out to 7000 km. These results are relatively similar
to Dragt's results.

Parker (Reference 48) has considered how a breakdown of the integral invariant I can transport
and accelerate particles. If the magnetic field at the mirror point changes in a time short compared
to a bounce period, then I is not a constant of the motion. The bounce period is (Reference 49)

LMo 4109 em
Ty N5 X 1010 _cm = 0.4 sec. (32)

sec

So, waves having a frequency of 5 or 10 cycles/sec will cause nonadiabaticity here. These waves at
the mirror point result in a Fermi acceleration (Reference 50). Some particles encounter mirror
points moving towards them due to the field perturbation AB and some particles find mirror points
moving away from them. But, because statistically more approaching collisions take place, there is
a net energy gain given by

dEH v \2
I TR T el B (33)

i

where E, and w, are the particle energy and velocity component along the field line, respectively, p
is the number of mirror point reflections per unit time, and v is the velocity of the mirror point
motion.

The interesting feature here is that as the particle gains energy its mirror point is systematically
lowered because all the energy gain is in E, and, therefore, the pitch angle decreases and the particle
is lost into the atmosphere. For a 4B/B of 10" 3and constantly moving mirror points, the character-
istic time for a particle to diffuse down into the atmosphere is about 3 X 10°® sec. It is not known
whether these hydromagnetic wave conditions are really met, and thus whether this lifetime is reason-
able or not. Parker made this analysis for outer-belt 100 kev electrons, but it applies equally to
protons of about 50 Mev.

A proton lifetime of 3 X 10° seconds and a source strength of about 0.2 X 10" protons/cm®-sec

gives an equilibrium flux of

} -15 protons 10 _Cm 6 -  protons
(pp (O.2x 10 —cmz-sec 10°° <ec (3x 10 sec) 6 em?-sec
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But this is larger than the measured outer-belt flux by at least an order of magnitude, so the lifetime
must be less than 10° sec by a factor of 10 or more. From this analysis it seems that the breakdown
of the integral invariant probably is not the dominant loss process, but that another process gets rid
of the protons faster.

It would appear from the work of Dragt (Reference 46) and Wentzel (Reference 47) that the break-
down of the magnetic moment of the protons by hm waves caused the loss of protons in the outer belt.
The hmwaves required to do this seem available and the results of the calculations agree reasonably
well with observations. We cannot be sure that hm wave scattering is the controlling factor for the
outer edge of the inner belt because there is no direct verification of this, but it seems the best guess

now.

If the outer edge of the proton belt is controlled by hm wave scattering as we think, then there may
be an interesting solar cycle change in the proton flux at 2R, and beyond (Reference 46). If, at solar
minimum, there is less energy in hm waves (as seems reasonable), then the proton lifetime will in-
crease and an appreciable flux of protons may build up in the outer belt.

In order to organize the kind of data shown in Figure 7 into some easily manageable form,
Mcllwain developed the B-L coordinate system (Reference 51) where B is the scalar magnetic field
and L is a distance which, in a dipole field, is the distance to the equator for a particular field line.
It is defined in terms of the integral invariant I in such a way that the real earth's field is used. L is
very nearly constant along a field line, so it can replace the commonly used equatorial radius R,, but
use real values of the earth's field. The ExplorerIV data in Figure 7, when plotted interms of B-L co-
ordinates, can be combined for different geographic latitudes, longitudes, and altitudes into the simple
form shown in Figure 10. Reading down a line of constant L here corresponds to going out from
the earth along a field line. This information can be transformed into a more familiar form by

using
R = Lcosz)\,
and

This R, A presentation of the data in Figure 11 has the earth's magnetic field transformed into a dipole
field, but the earth's surface now has an odd shape.

Figure 11 is a representation of the fluxes of high-energy protons (1-:P > 30 Mev) in the inner belt
as of 1958. It is probably accurate to within a factor 2 over most of the range of values. The picture
was somewhat different in 1961; this variation is discussed later.
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Figure 10—Contours of constant true counting rate of the unshielded GM counter in Explorer IV. The
points shown correspond to data obtained over a wide range of geographic latitude and longitude. Re-
produced with permission from Reference 51.

In Figure 11, the data from Explorer IV have been combined with data from Pioneer III to extend

the range of B-L values covered. This, with some extrapolations, covers the whole inner belt.

count rates in Figure 10 have been converted to particle fluxes in Figure 11 by the use of the proper

detector geometrical factors.

Pioneer III went out radially about 100,000 km from the earth and then returned (Reference 12).
It cut through the inner belt twice. The 302 GM counter on board was nearly identical in threshold to
the counter in Explorer IV; however, it had a slightly larger geometrical factor G, = 0.62 (Reference
12). The count rate curve for the reentry flight is shown in Figure 12. The section from 15,000 km
inwards is the important region for us. This shows the nature of the outer edge of the proton belt
within about 20 degrees of the equator and, when combined with Explorer 1V data, allows us to make

a more complete map of the inner-belt-proton flux.
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Time Variations

The protons in the inner radiation
belt show relatively small changes in
intensity with time in contrast to the outer
belt, which varies considerably, especially
at the time of magnetic storms.

Changes in the proton flux at low al-
titudes were not seen even in connection
with magnetic storms on Explorer IV
(Reference 52). There maybe some small
time changes in the proton energy spec-
trum:a small peakat about 75 Mev seemed
to be present in the proton energy spec-
trum measured in July 1959 (Reference
37); then in October 1960 a peak was ob-
served at 30 Mev (Reference 32). There is a
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possibility that it is the same peak degraded in energy, and that it was the result of neutrons produced
in one polar cap proton event (Reference 53). There is little doubt that polar cap protons are impor-
tant in generating neutrons, but it seems questionable whether this structure in the trapped proton
energy spectrum is the result of polar cap protons. It now appears that if there are changes in the
spectral shape above 30 Mev, they are quite small (Reference 32).

Time changes in the inner belt have been detected by the 302 GM counter on Explorer VII (Reference
55). It counted protons of E_ > 18 Mev and electrons of E, > 1.1 Mev. At the outer edge of the inner belt
for 1.8 < L < 2.2 time variations of a factor of 3or more are seen at the times of magnetic storms. The
changes may well be in the electron population. For 1.5 < L < 1,8 there are small variations seen in
the count rate at storm times, maybe in the proton population or maybe not.

From November 1959 to November 1960 a rather gradual increase of a factor of 2 in intensity was
seen in the inner part of the inner belt (L < 1.5) by Explorer VII. At least part of this increase is ex-
pected, on two grounds: (1) the cosmic-ray flux increases by about a factor of 2 from solar maximum
to solar minimum, and (2)the exosphericdensities will decrease. The heating of the exosphere is less
at solar minimum, so that the scale height decreases and therefore the densities decrease.

Recent calculations on the solar cycle change of exospheric density (Reference 41) give the atomic
densities listed in Table 3.

Table 3
Atomic Densities at Various Altitudes.
Atomic Densities (atoms/cm3)
Altitude N Solar Maxi n N Solar M =

(k) ear Solar Maximum ear Solar Minimum

N(QO) N(He) N(O) N(He)
1000 7 x 105 4.4 x 105 440 1.1 x 103
1500 1.1 x 104 1.6 x 103 18 1.6 x 104
2000 290 6.2 x 104 0 2800

tS = 200 from Reference 41.
t+tS = 70 from Reference 41.

Both the slowing down loss process and the nuclear collision loss process will vary with these two
densities, The slowing down rate dE/dx goes as

dE
dx ¢ [4N(0) + N(He)] -

Oxygen is more important here because it has 4 times as many electrons to help in slowing down.
The nuclear collision rate C shows a similar variation

C o« [2.5N(0) + NiHe)]
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The oxygen nucleus has a large cross section o for nuclear collisions (o « A?7%), so oxygen has more
collisions per nucleus than helium does.

From Figure 6 we got the proton lifetime at 1000 km altitude for near solar maximum given in
Table 4. The other values in the table are obtained from these 1000 km values by using density varia-
tions in Table 3 and Equation 26.

Table 4
Inner Belt Proton Lifetimes.
Energy Lifetime
(Mev) Near Solar Maximum At Solar Minimum
(sec) (sec)
1000 km 1500 km 2000 km 1000 km 1500 km 2000 km

15 2.4 x 107 3.8 x 108 1.4 x 10¢ 7.2 x 108 4.8 x 109 2.4 x 1010

40 8.5 x 107 1.2 x 10° 5.2 x 107 2.5 x 10° 1.7 x 1010 8.4 x 1010

100 2.8 x 108 4.2 x 10° 2.0 x 1010 8.4 x 10° 5.6 x 1019 2.8 x 10M

The period of the solar cycle 7. = 4 X 10® seconds, If the proton lifetime is short compared to this,
then the particle population will change with changes in source strength or loss rate; but if the proton
lifetime is long compared to 7__, then the solar cycle will be averaged out and no population changes
will occur. We see from Table 4 that changes in low-energy particles at 1000 km will be appreciable,
but at 2000 km no changes will occur. The factor of 2 increase in the number of protons of E, > 19
Mev seen by Explorer VII at 1000 km during 1960 (Reference 54) is consistent with the increase ex-

pected here on the basis of solar cycle changes in cosmic ray flux and exospheric density.

MEDIUM-ENERGY PROTONS

Out to aboutL = 1.6, the proton energy spectrum is as shown in Figure 5; but for L > 1.7, Naugle
and Kniffen (Reference 35) found that for E, < 30 Mev the spectrum showed a sharp rise above this
curve. Apparently some additional process comes into play to produce these protons of E < 30 Mev
near the outer edge of the inner belt. The Naugle and Kniffen data are given in Figure 13.

A second experiment apparently saw this same group of particles: A proton spectrometer flown
on a Scout vehicle to an altitude of 4800 km found a large number of protons (Reference 55) of 1 Mev
<E, < 10 Mev. One part of Naugle and Kniffen's data was at 1884 km altitude at L = 1.722 and could
be fit well by

protons

® (E) = 6.8 x 106E™ 45

2 for 10 Mev < E_ < 50 Mev.
P cm?-sec-ster -Mev P

Bame, etal. (Reference 55) made measurements at 4800 km at L = 2.50 and got a proton flux given by

(DP(E) = 2x 105E75-2for 1 Mev < Ep < 2.24 Mev
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and

® (E) = 0.71 <x 108 g™ 3.9

P

for 2.2 Mev < Ep < 7.3 Mev.

Bame, et al. showed that an extrapolation of the
Naugle-Kniffendata down to 1 Mev gave moder-
ately good agreement with their data (see Fig-
ure 14). Therefore, it appears that these two
experiments were observing the same type of
particles.

What new source of particles can produce
medium-energy trapped protons only above
L = 1.7? Armstrong, etal. (Reference 34) sug-
gested that solar protons bombarding the polar
cap at the time of solar flares should produce
neutrons, and that the decay of these neutrons
then constitutes a new source of protons, We

protons
cmé—ster—sec— Mey

are sure that galactic cosmic ray protons pro-
duce neutrons which then produce inner belt
protons; so it seems very reasonable that solar
protons should similarly produce neutrons and
thereby trapped protons.

The trapped protons produced from solar

1011 0 é é 1102 2 protons will be different from the other trapped

KINETIC ENERGY (Mev) protons in two ways. First, their spatial dis-

Figure 13—Proton-energy spectra measured by Naugle tribution will be different. This is because solar

anc? Kniffen for different positions cl.on.g the vehicle protons arrive at the earth only in the polar

Lr:a':f;o%: Reproduced with permission from Ref- regions (because of their low energy, the earth's

field prevents them from getting further from

the poles than about 55 degrees of magnetic

latitude). The inner part of the inner belt is therefore geometrically shadowed from this source, SO

more of these neutrons can produce trapped protons near the inside of the inner belt, Lenchek (Ref-

erence 56) has calculated that no trapped protons will be produced for L < 1.65. This is consistent
with the data of Naugle and Kniffen (Reference 35).

The second distinctive feature of trapped protons produced from solar protons is that the inter-
mediate neutrons produced this way have lower average energies than those from the galactic cosmic
ray source. The solar proton energy spectrum usually extends up past 100 Mev, but most of the pro-
tons have much lower energies. Therefore, the neutron energy spectrum will not contain many
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the neutron spectrum should be at about - \ NN ‘ l I | ‘ ‘ 3
6 Y 4300 km ALTITUDE —
1 Mev. Lenchek (Reference 56) approxi- sl AN 90° PITCH ANGLE B
] ‘1‘ N[ 21° N LATITUDE, 4 W LONGITUDE ™|
mated this neutron spectrum S _(E) by an = \ \ \ OCTOBER 4, 1960 1
evaporation spectrum 2 "\ \ 1
\ \ EXTRAPOLATIONS OF
10° N\ \ NAUGLE & KNIFFEN DATA
[ \ \'_“ 1 t t t —
= ~E /4 - 1600 km, 3
S, (E) kEe ™, 6 .\‘. \o—\J— 3 N MAGNETIC LATITUDE -
s VNN A
L \ 1884 km .
and evaluated the total flux of trapped pro- N e, \ \ 295 N MAGNETIC LATITUDE
tons made by this process. %I’ 2 A*,{ N ]
3|% 101 AR
A 10 Mev proton that mirrors at 1500 se F \.\ \ \\ 3
km has a lifetime for slowing down of o+ °F N \—\ ]
about 10 years, so this process will aver- - '\ \:'\ B
age over a large number of solar events. 2 \-, _\
Lenchek estimated the time-average solar- \'\ \ \\
proton flux fromdata of Webber (Reference 10° = \\r \\ =
57) to be about 10 protons/cm?’ -sec-ster, 6= '\S\_\ .
which is much higher than the galactic 4* \. .\4_\L_:
cosmic ray flux. Using an average at- B \ \
mospheric density of 10° atoms/cm’, he 2 N
obtained the trapped-proton flux observed 102 l\
1 2 3 4 5 6 7 8910

by Naugle and Kniffen (Reference 35).
These numbers seem a little extreme, but
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Figure 14—Energy spectrum at 4800 km for protons measured by
Bame, Conner, et al. Two of the spectra obtained by Naugle
and Kniffen have been extrapolated to lower energies and are
shown. Reproduced with permission from Reference 55.

the idea seems completely reasonable.

It appears quite reasonable from this
analysis that theselow-energy protons are
made from solar protons striking the polar atmosphere.
this type of trapped radiation strongly rules against direct solar injection or local acceleration (Ref-

The fact that there is a sharp inner edge on

erence 56).

LOW-ENERGY PROTONS

One of the most interesting recent radiation-

protons at 1000 km (Reference 58).

of about 30 ergs/cm?®-sec-ster at 1000 km in
ticles are probably protons. If they have an average energy of 100 kev,

belt discoveries is the large flux of low-energy
On Injun, a CdS detector measured a heavy ion energy flux

the energy range of 0.5 kev to 1 mev. These par-

s
(S 2 ok ) (1 ster)
@ - cm* -sec-ster
P Mev g €re
0.1 Sroton 1.6 x 10° ey

3 x 108

protons

sz -secC

there is a proton flux of
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This is a quite large flux. The spatial distribution of these low-energy protons is very similar to
the distribution of high-energy inner-belt protons.

This strong similarity might be explained by: (1) the two groups of particles coming from a com-
mon source, (2) the high-energy protons generating the low-energy protons. We are very sure the
high-energy protons are made by neutron decay. Also, slow protons produced by neutron decay do
exist. We can evaluate the possibility that the observed slow proton flux results from neutron decay.
Most of the neutrons in the leakage spectrum are between 100 kev and 10 Mev, Let us say that one
half of the neutron-decay events at 1000 km produce protons of about 1 Mev. From Figure 3 we see
that about 2 x 107'? protons/cm®-sec will be made in the Mev range from these decay events. If
these protons are lost by slowing down, they must encounter 3 x 103 gm/cm?, Inan atmosphere of
n = 2.5 X 10° O atoms/cm? of oxygen (or o = 6 x 1078 gm/cm?), and traveling at an average
velocity of 5 X 10® em/sec during the slowing down process, a 1 Mev proton will slow down in a
time - given by

—18 gm 8 _ - gm
<6 x 10 Cm3> (S x 10 sec) T 3 x 1073 Py
or
T = 10% seconds .
We get from this the equilibrium-proton flux of
_ -1, Protons g Cm 6 _ protons
(Dp (2 x 10 Cm_3-s—ec 5 x 10 sec (10 sec) 103 T—Sec

This is much less than the observed flux of o, % 10® so this process can not produce the observed
protons.

Next, we can consider the possibility that the high-energy protons produce the low-energy pro-
tons. This might be done by coulomb collisions with the thermal protons. We can estimate the flux
produced in this way. The cross section for coulomb collisions is

do =

+ 27 sin 6 cos 6d6 1 )
e ’
E? sin* 6

(34)

where E is the energy of the incident particle and ¢ is the scattering angle. For a range of values of
g, the struck proton will have energies E, in the 0.5 kev to 1 Mev energy range given by

E, = Esin?6 .

(35)
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Integrating over ¢ to get the total cross section and rearranging the coefficient gives

smex

0.5 x 10724 cm? jdsinﬁ  0.25 x 10724 [ -1 }
= T 35 - .
E sin E gmxn

2 2 sin? 8
mc? sz)

for a 50 Mev incident proton, Inorder to get the range of E_ energies indicated, we need

(36)

1 . .00
g and sinZ gmir = 5005

2 @ max =

sin

This gives a total cross section of o = 2 x 107%* cm?. Using a high-energy-proton flux of 10*
proton/cm?-sec and a thermal proton population of 10* atoms/cm?, we get a slow proton product in

rate S, of
3 _ 104 fast protons> <104 H atoms (2 . 10-24 sz)
P cm? - sec cm?
t
S = 2x 10716 2222 of 9.5 kev < E, < 1 Mev.
P cmi -sec P

This source strength is considerably less than neutron-decay source strength, and the proton lifetimes
will be shorter here too because the protons made are of lower average energy. Therefore, this
source produces an even smaller fraction of the observed protons and is not important,

We can ask another question. Is there enough energy in the high-energy protons to supply the
low-energy protons by any process? Using a proton lifetime of 10° sec and velocity of 5 x 10® cm/sec,
we get the energy requirement of the low-energy-proton source of

50 ergs 1 1 - 10713 ergs
cm?-sec /\g , 108 SC_:‘C_ 108 sec cm3-sec
The energy loss rate E; of inner-belt high-energy protons is about
Mev ) ( -6 €18 ) ( 4 protons ) 1 1 _ erg
= ey . 10 = 19_6re
E <SO protons 16 1077 Yev cm? -sec 1010 % /\10® sec 8 > 10 cmd-sec
sec

where we have assumed an average lifetime of 10 seconds.

We see that energetically the high-energy protons cannot produce the low-energy protons by any
process. The energy in the low-energy protons must come from some other sources that are cur-
rently not understood. These low-energy protons are one of the most interesting mysteries of the
radiation belt.
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ELECTRONS

It seems surprising, but we know a good deal less about the electrons in the inner belt than about
those in the outer belt. One reason for this is that the high-energy protons present in the inner belt
tend to hide the electrons. The protons are counted with high efficiency by most detectors and pene-
trate considerable amounts of shielding. Instruments designed to count electrons will usually count
the protons too.

There are, however, several experiments that have given some information about the inner belt

electrons.

Measurement of the Electron Spectrum

Several particle spectrometers have been flown on pods on Atlas rockets, by Holly, et al, (Refer-
ence 59) to altitudes up to 1500 km in the inner belt near the equator. Electrons were identified by
the use of magnetic analysis. The differential energy spectrum of the electrons measured here is
shown in Figure 15.

The inner belt electron spectrumhas also been measured recently by a 10-channel magnetic spec-
trometer flown on Discoverer satellites at about 400 km (Reference 60). In the Atlantic Ocean off
Brazil, a region of high count rate was observed; this region connects to the inner belt (Reference 61).
Vernov found that this region had a high content of protons by comparing the count rates of a GM
counter and a scintillation counter. The spectrometer on Discoverer satellites 29 and 31 had a blank

channel to count protons which were con-
4 sidered a background for this experiment
and subtracted from the data. The elec-
tron spectrum measured in the South
Atlantic by a Discoverer is shown in Fig-

ure 15,

The count rate here is due to inner
belt electrons that have come down to low
altitudes at this location because the mag-
netic field isweak. This spectrum extends
to higher energies and is flatter than the
Atlas pod spectrum. The difference in

RELATIVE ELECTRON FLUX

these two spectra is not understood; they

were not measured at the same time or

\
0 z. 1 1 1 v | 1 . . ]
0 200 400 600 800 1000 1200 place, so a direct comparison is really

ELECTRON ENERGY (kev) not possible. The Discover spectrometer

Figure 15—Electron-energy spectra in the inner belt: Curve A did see other types of electron energy

measured by Holly, Allen, and Johnson; curve B measured by spectra in other places, but never any
Bame, Conner, et al. (Reference 55); curve C is a calculated

spectrum based on a neutron decay source. type resembling the spectrum of

28



Reference 59. In the South Atlantic the only spectrum seen is that shown in Figure
15.

The energy spectrum expected (References 62, 63, and 64)in the inner belt from neutron 3-decay
electrons is also shown in Figure 15. Electrons are lost from the inner belt by coulomb collisions
which change the pitch angle and cause the particles to diffuse out of the loss cone. The energy de-
pendence of the electrons lifetime 7 as calculated for scattering is (Reference 65)

T O« v p2

where p = electron momentum and v = electron velocity. The shape of the equilibrium electron
spectrum expected from neutron 5-decay is simply the shape of the s-decay spectrum (see Figure 2)
weighted by the particles' lifetimes which change with energy as given above. This calculated spec-
trum lies between the two experimental spectra.

The situation here is not clear. It appears experimentally that the inner belt electron spectrum
may vary with space or time. But the observed spectra do not seem to agree very well with the spec-
trum calculated from neutron decay. It appears that sometimes there are electrons of E > 1.2 Mev
in the inner belt. These cannot be directly made by neutron decay. Some acceleration process must
act to produce these high-energy electrons. It would seem that neutron decay electrons could be ac-
celerated most easily because they start with relatively high energies to begin with., We must wait
for more experimental information to make any kind of quantitative comparison with calculations

based on neutron decay.

The Electron Flux

There have been several measurements which give the electron flux in the radiation belts. None
of these are for the central regions of the inner belt, but we can interpolate what measurements are

available to give reasonable estimates in the inner belt,

There are three measurements of the electron flux at about 1000 km altitude. O'Brien, et al.
(Reference 66) have measured the flux of electrons of E_ > 40 kev at 1000 km on the Injun satellite by
using magnetic spectrometers. The flux thus determined was about 10° to 105 electrons/cm?-sec-ster
so, because AQ ~ 1 ster at these altitudes, the omnidirectional flux is ¢ % 10% to 10°® electrons/cm?-
ster. These measurements were for L > 2 so they are not really inner-zone electron fluxes. The
electron flux of E, > 30 kev measured by Holly, et al. (Reference 59) at 980 km was about 7 x 10°
electrons/cm?-sec. This was at 15° N latitude and is truly an inner belt flux. Cladis, et al. (Refer-
ence 67) measured an electron flux for E > 50 kev of 4 x 10° electrons/cm?-sec at L ~ 2.4 using a
magnetic spectrometer; these measurements give an electron flux at 100 km of the order of 10°

electrons/cm?-sec of E > 40 kev.

Equipment on the Explorer XII (1961v) satellite has measuredthe electronflux inthe outer belt. O'Brien,
et al. (Reference 68) report fluxes going up to 108 electrons/cm?-sec of E > 40 kev, but a more typical
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flux (Reference 69) is about 107 electrons/cm? -sec. The electron flux is quite constant from about
50,000 km into about 10,000 km.

From this data we can guess that the electron flux in the center of the inner belt is about 107
electrons/cm?-sec, possibly going as high as 10® electrons/cm?-sec.

One early measurement seemed to give information about the inner-belt electron flux, but this now
appears incorrect.

The Explorer IV satellite carried four detectors that detected particles of different ranges. The
particles that penetrated 1 gm/cm? or more of shielding were identified as being high-energy protons
(Reference 13).

One detector on Explorer IV, the energy scintillator, counted particles that penetrated 1.0 mg/cm?
of shielding. A large flux, up to 10 ergs/cm? -sec-ster or more, was measured by this detector. A
tentative analysis of this experiment (Reference 13) suggested it was due to electrons that would just
penetrate the 1 mg/cm? foil of about 20 kev. This model was proposed by analogy with early ideas
about the composition of the outer belt. Assuming the particles were 20 kev, it took about 2 X 10°
electrons/cm? -sec-ster to give the observed energy flux.

But it now appears that this interpretation was not correct. Recently, on the Injun satellite, an
energy flux of up to 100 ergs/cm?-sec of heavy ions was measured (Reference 58). These were very
probably protons and they were in the energy range of 0.5 kev to 1 Mev. Many of these particles
would be counted by the Explorer IV energy scintillator. It, therefore, seems likely that this Explorer
IV counter was counting low- energy protons and not electrons.

The inner-belt electron flux expected from neutron decay is of the same order of magnitude as the
observed flux. Wentworth, et al. (Reference 65) have calculated the electron lifetime for coulomb
scattering by solving the Fokker-Planck equation. For an atmospheric He density at 2000 km of
7 = 10° atoms/cm?® they get a lifetime for a 300 kev electron of 7, = 1.5 X 10% sec. Using this life-
time and the source strength (Reference 26) of 3 x 107 '? electrons/cm?-sec, we get an equilibrium
electron flux of

. electrons
cm?-sec

. lectrons cm
o, = (3 y 10”6—83*0) (3 10022 ) (1.5 x 10% sec) = 10
c¢myY -se

In comparing the observations of electrons with calculations based on the neutron-decay theory,
we find that the calculated and observed fluxes are quite similar but that the spectra are not in as
obvious agreement. It is quite certain that neutron-decay electrons produce a large fraction of the
trapped electrons. It is also quite certain that acceleration processes also operate to generate the
high-energy electrons.
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OTHER PARTICLES

If the sun were the source of particles in the inner radiation belt we would expect to find not only
protons but other heavier particles such as deuterons, tritons, and He? and He* nuclei. The sun con-
tains about 15 percent He nuclei (Reference 70) and solar cosmic rays contain about 5 percent He

nuclei (Reference 71)., The lifetime of a He* nuclei in the inner belt would be about five times less
= 2. On this

than that of a proton of the same energy because the rate of slowing downis faster for Z
= 2 track

basis, we would expect about 1 percent He? in the inner belt. But experimentally not one Z
has been found in nuclear emulsion. The total number of particles measured in three experiments is

given in Table 5.

Table 5
Measurements on Trapped Heavy Particles.
. No. of No. of No. of No. of
Experiment Protons Deuterons Tritons Alphas

Freden and White
May 1959 (Reference 33) 243 0 3 0
Armstrong, et al.
July 1959 (Reference 34) 477 5 0 0
Heckman and Armstrong
October 1960 (Reference 36) 301 0 0 0

Total 1021 5 3 0

An upper limit of the a flux is 0.1 = 0.05 percent of the proton flux in the energy interval 125 to 185
Mev (Reference 36). This quite clearly shows that the sun contributes few, if any, of the heavy par-

ticles in the inner belt.

A few deuterons and tritons (roughly 1/2 percent each) were found in the emulsion experiments as
is shown in Table 5. These particle fluxes can be explained (Reference 33) as being the result of
nuelear collisions of trapped protons with 0 and N nuclei in the very thin atmosphere present at radia-
tion belt altitudes. No heavy particles have been observed in the inner belt that cannot be understood

by the neutron-decay source.

CONCLUSIONS

From the foregoing discussion we can draw the following conclusions about the inner radiation

belt:
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The high-energy protons ( E > 30 Mev) result from galactic cosmic-ray production of neutrons in
the earth's atmosphere and the subsequent escape and decay of these neutrons. Both the energy spec-
trum and the intensity of the trapped protons are completely consistent with this interpretation. The
time variations observed in this proton population are understood well in terms of solar-cycle varia-
tions in the exosphere density and of cosmic-ray flux.

The spatial distribution of these protons also seems reasonable on the basis of neutron decay
injection. Protons are lost from the belt by slowing down. Increasing density of air limits the lower
edge of the belt, and the changes in altitude of the lower edge with longitude are due to changes in the
strength of the earth's field. The belt's outer edge is probably controlled by hydromagnetic waves
which change the protons' magnetic moment and scatter them into the atmosphere. As far as we know
now, these protons are made from neutrons and from no other sources.

Medium-energy protons (5 Mev < E, < 30 Mev) seem to be made from neutron decay by two dif-
ferent processes: In the inner part of the inner belt, for 1 < 1.6 where the spectrum is rather flat,
the protons are quite certainly due to neutrons made by galactic cosmic-ray protons. Out farther,
for L > 1.7, the steeper spectrum and larger fluxes are quite certainly due to the decay of neutrons
made by solar protons striking the polar regions at the times of some solar flares.

The newly discovered low-energy protons (0.5 kev < E < 1 Mev) might either be made by some
quite new and different and not understood source, or they might be accelerated from a lower-energy
source (such as slow neutron-decay protons or knock-on protons)to the observed energies. One thing
is quite certain: neutron-decay protons do not supply a large fraction of the total energy in these pro-
tons directly.

The origin of the trapped electrons in the inner belt is not as well established because there have
been few experiments to study their characteristics. The flux is not known to an order of magnitude
and the spectrum is also uncertain, but it would appear that the energy spectrum goes up past 1 Mev
and the flux is of the order 107 eilectrons/cm2 -sec, From neutrons we would expect a flux of about
107 and a spectrum ending at 780 kev. The high-energy electrons (E > 780 kev) are not produced by
neutron decay directly, but it would seem that some acceleration processes operating on neutron-decay
electrons to increase their energy is the most probable source mechanism for these electrons. If we
use an accelerating process operating on low-energy electrons to generate the observed electrons, the
requirements on the accelerating process are considerably increased.

Our conclusion is that the inner-belt protons of E > 5 Mev are produced by neutron decay from
galactic and solar protons, but the E < 1 Mev protons are of different and unknown origin, The inner-
belt electrons are probably made by a combination of neutron decay and some uncertain accelera-
tion process.
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